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RESEARCH ARTICLE

Targeted Manipulation of Abundant and Rare Taxa in the
Daphnia magna Microbiota with Antibiotics Impacts Host
Fitness Differentially
Reilly O. Cooper,a Janna M. Vavra,a Clayton E. Cresslera
School of Biological Sciences, University of Nebraska-Lincoln, Lincoln, Nebraska, USA

a

Host-associated microbes contribute to host ﬁtness, but it is unclear
whether these contributions are from rare keystone taxa, numerically abundant taxa,
or interactions among community members. Experimental perturbation of the microbiota can highlight functionally important taxa; however, this approach is primarily
applied in systems with complex communities where the perturbation affects hundreds of taxa, making it difﬁcult to pinpoint contributions of key community members. Here, we use the ecological model organism Daphnia magna to examine the
importance of rare and abundant taxa by perturbing its relatively simple microbiota
with targeted antibiotics. We used sublethal antibiotic doses to target either rare or
abundant members across two temperatures and then measured key host life history
metrics and shifts in microbial community composition. We ﬁnd that removal of
abundant taxa had greater impacts on host ﬁtness than did removal of rare taxa
and that the abundances of nontarget taxa were impacted by antibiotic treatment,
suggesting that no rare keystone taxa exist in the Daphnia magna microbiota but
that microbe-microbe interactions may play a role in host ﬁtness. We also ﬁnd that
microbial community composition was impacted by antibiotics differently across temperatures, indicating that ecological context shapes within-host microbial responses
and effects on host ﬁtness.

IMPORTANCE Understanding the contributions of rare and abundant taxa to host ﬁtness is an outstanding question in host microbial ecology. In this study, we use the
model zooplankton Daphnia magna and its relatively simple cohort of bacterial taxa
to disentangle the roles of distinct taxa in host life history metrics, using a suite of
antibiotics to selectively reduce the abundance of functionally important taxa. We
also examine how environmental context shapes the importance of these bacterial
taxa in host ﬁtness.
KEYWORDS microbiome, invertebrate-microbe interactions

T

he microbes in and on host organism tissue, collectively referred to as the microbiome, are recognized as having important beneﬁcial impacts for the host. Many
functions have been tied to bacterial species in the microbiota, including nutrient acquisition for the host (1) and immune system priming (2). As most species in host-associated microbiota are difﬁcult to culture, experimental perturbation of the microbiota
and subsequent sequencing combined with host ﬁtness metric measurement are a
commonly used set of methods to understand functional contributions of microbial
taxa to host ﬁtness (3–5). To understand the impacts of individual taxa on host ﬁtness,
antibiotics can be chosen to selectively perturb taxa and ﬁtness outcomes can be
measured (6). This approach is primarily used in systems with highly complex microbiomes, often with hundreds of interacting taxa impacted by these antibiotics (7, 8).
While large-scale perturbations are necessary for understanding overall microbiome
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ABSTRACT

structure and broad-level interactions, fundamental questions about host-microbiome
interactions can be addressed more readily in systems with simpler microbial communities. For example, determining whether host ﬁtness is affected more by overall microbiome diversity (number of distinct taxa) or by functional diversity (taxa with distinct
functions) is tractable in systems with fewer microbial taxa. Though interspecies interactions in the microbiome may complicate our understanding of how microbial taxa
impact host ﬁtness, identifying the contribution of taxa to host function is tractable in
these simpler systems as subtle manipulation of the microbiome with sublethal doses
of antibiotics can produce more easily understandable outcomes.
To better understand the relationship between speciﬁc taxa in the microbiota and
host ﬁtness, we applied an antibiotic suppression technique in Daphnia magna, a
widely used model organism in ecotoxicology (9), population genomics (10), and hostparasite dynamics (11). The Daphnia magna microbiome is relatively simple, with only
10 to 15 amplicon sequence variants (ASVs) constituting .70% of relative abundance
(12, 13). In particular, Betaproteobacteria, Gammaproteobacteria, and Sphingobacteriia
are bacterial classes consistently identiﬁed in the Daphnia magna microbiome across
environments and genotypes (14–16). Important contributions to host ﬁtness may be
directly linked to single taxa in these classes, as removal of the microbiota with broadspectrum antibiotics has been directly linked to decreases in Daphnia growth, survival,
and fecundity (13, 17, 18). In particular, Limnohabitans, a highly abundant genus of
Betaproteobacteria, has been shown to beneﬁt host fecundity (17). However, no host
ﬁtness beneﬁts have been directly linked to the other bacterial classes prevalent in the
Daphnia magna microbiome. In these cases, it is important to also consider that interspecies microbiome interactions impact host ﬁtness (19). Taxa in the microbiome may
have their functions mediated by other taxa, or cooccurrence may be beneﬁcial for
hosts and microbes (20), and as such, antibiotic suppression of one species in the relationship may indirectly impact the host by giving nonsusceptible microbial species
competitive advantages or reducing ﬁtness of codependent species that have functional importance to the host (21, 22).
Functions provided by the microbiota to the host can be dependent on biotic and
abiotic factors. Environmental factors like temperature (23), pH (24), and food availability and diet (25) alter microbiome composition and gene expression proﬁles of present
taxa. Intrinsic tolerance differences among taxa or host-mediated selection for tolerant
taxa may drive changes in community composition, which in turn could inﬂuence host
ﬁtness. We aimed to investigate this environmental factor-microbiome-host ﬁtness
interaction using temperature, because Daphnia magna lives at a wide range of temperatures (26) and because temperature inﬂuences the Daphnia magna microbiota (12,
27). Here, we sought to understand which taxa were affected by environmental change
using a cold, environmentally relevant temperature similar to that found in late fall
and early spring (11°C) and a temperature in the center of the Daphnia magna range
(19°C) (28), and whether impacted taxa contributed to host ﬁtness.
To identify taxa in the Daphnia microbiota associated with speciﬁc host life history
traits, we selected antibiotics with different modes of action that could perturb bacterial
classes differentially. We used erythromycin (ERY), a macrolide that inhibits bacterial protein synthesis (29); aztreonam (AZT), a monobactam that inhibits bacterial cell wall synthesis (30); and sulfamethoxazole (SFX), a sulfonamide that interferes with bacterial folate
biosynthesis (31). We particularly focused on the impacts of these antibiotics on the
known abundant families in the Daphnia magna microbiota. Gram-negative, aerobic bacteria including Betaproteobacteria, Gammaproteobacteria, and Sphingobacteriia are susceptible to aztreonam (30). Some Betaproteobacteria are resistant to macrolides, including
the presence of resistance genes in Daphnia-associated Betaproteobacteria, indicating
that Gammaproteobacteria and Sphingobacteriia would be affected by erythromycin (32,
33). Sulfamethoxazole is primarily active against Gram-positive bacteria, but some Gramnegative taxa are susceptible, including some Betaproteobacteria and Sphingobacteriia
(34, 35). We aimed to understand how antibiotics with different modes of action and
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RESULTS
The Daphnia magna microbiota was relatively simple, with only 8 bacterial classes
of the 14 identiﬁed as more than 1% abundant (Fig. 1a). Of these, Sphingobacteriia and
Betaproteobacteria were most common (48% and 26%, respectively). Only 10 unique
ASVs comprised approximately 60% of total abundance (Fig. 1b). Primarily, the most
abundant ASVs belonged to the Limnohabitans, Pedobacter, and Vitreoscilla genera,
and one ASV unidentiﬁed below the Chitinophagaceae family rank was highly
abundant.
Antibiotic treatment signiﬁcantly impacted alpha diversity (F4,31 = 3.133, P = 0.028;
Fig. 1c), with both sulfamethoxazole and the antibiotic trio having signiﬁcantly higher
alpha diversity than the no-antibiotic control (both P , 0.05, Tukey honestly signiﬁcant
difference [HSD]). Relative abundance of bacteria in Daphnia magna was signiﬁcantly
impacted by antibiotic treatment (F4,32 = 5.197, P = 0.0024; Fig. 1d). Mean change in
bacterial load in Daphnia treated with the antibiotic trio was 0.1-fold relative to the
baseline abundance of control Daphnia, while treatment with each of the three antibiotics individually slightly reduced relative abundance (AZT, 0.96-fold change; ERY,
0.71-fold change; SFX, 0.61-fold change). The microbiota was signiﬁcantly impacted by
antibiotic treatments at the class rank (permutational multivariate analysis of variance
[PERMANOVA], pseudo-F4,41 = 3.977, R2 = 0.26, P = 0.01; Fig. 2). Pairwise PERMANOVA
comparisons of antibiotic treatments to the no-antibiotic control indicated signiﬁcant
impacts of erythromycin (P = 0.01), sulfamethoxazole (P = 0.001), and the antibiotic trio
(P = 0.001) on microbiota composition (see Table S1A in the supplemental material).
We found multiple differentially abundant ASVs in each antibiotic treatment (Fig. 3,
Table S1B). Though aztreonam-treated samples did not have signiﬁcantly different
overall composition than the control (Table S1A), there were differences in the relative
abundance of 8 ASVs, including decreases in Pseudomonas (ASV 19, 2226.5, or 1028
lower Pseudomonas relative abundance than in the no-antibiotic control) and
Sphingomonas (ASV 34, 2224.3) and increases in Microvirga (ASV 61, 27.04). Erythromycin
had 16 differentially abundant ASVs, with an unidentiﬁed Chitinophagaceae (ASV 24)
and Emticicia (ASV 36) experiencing the greatest fold abundance changes (220.2 and
229.43, respectively). Treatment with sulfamethoxazole induced changes for 8 ASVs, primarily increasing the abundance of the Chitinophagaceae ASV (ASV 24, 227.4) and decreasing the abundance of Pedobacter (ASV 12, 229.19). Treatment with the antibiotic trio
impacted the abundances of 19 ASVs, contributing to fold increases of the same
Chitinophagaceae (ASV 24, 219.24) and decreasing the abundance of Caulobacter (ASV 66,
2220.18). In summary, aztreonam reduced the relative abundances of Gammaproteobacteria
and some Alphaproteobacteria; erythromycin increased the relative abundance of
March/April 2021 Volume 6 Issue 2 e00916-20

msystems.asm.org

3

Downloaded from https://journals.asm.org/journal/msystems on 29 September 2021 by 129.93.161.224.

different susceptible taxa changed the microbiome and impacted host ﬁtness, linking
changes in relative abundance to host ﬁtness outcomes. Because the betaproteobacterium Limnohabitans impacts host ﬁtness (17) and is present in high relative abundance in
the Daphnia magna microbiota, we hypothesized that more abundant taxa contributed a
greater share of functions impacting host ﬁtness; as such, suppression of these more
abundant taxa would reduce host ﬁtness, speciﬁcally in reduced fecundity, survival, and
growth. We also aimed to understand how the microbiome and its associated functions
changed depending on environmental context by raising Daphnia in cold temperatures.
We hypothesized the differing environment would induce shifts in microbiota composition, as different microbial functions may be necessary to respond to the change. Finally,
we combined environmental change with antibiotic treatments to see if reduction of
abundant taxa caused differential shifts in host ﬁtness across environments. Here, we
hypothesized that reduction of taxa abundant in warmer temperatures with antibiotics
would not cause as severe changes in host ﬁtness in the colder temperature treatment,
as taxa providing beneﬁcial functions in a different environment would not be targeted
by these perturbations and would have reduced competition from the now-suppressed
taxa.

FIG 1 16S rRNA sequencing results from adult Daphnia magna under control conditions. (a) Identiﬁed classes in the Daphnia magna microbiota (if
unidentiﬁed at the class rank, identiﬁed at the phylum rank). (b) Relative abundances of bacterial genera identiﬁed in the Daphnia magna microbiota (if
unidentiﬁed at the genus rank, identiﬁed at the family rank). Taxa unidentiﬁable at or below family rank or less than 1% of total relative abundance are
marked as ,=1% Abundant/Unidentiﬁed. (c) Alpha diversity (inverse Simpson index) in all data across antibiotic treatments (ns, not signiﬁcant; *, P , 0.05).
(d) Box plot of bacterial relative abundance fold change in all data across antibiotic treatments compared to the control treatment, measured by
ampliﬁcation of the 16S rRNA V4 hypervariable region using qPCR (ns, not signiﬁcant; **, P , 0.01). The horizontal line at fold change of 1 denotes the
expected measurement of this ampliﬁed region in the no-antibiotic control.

Alphaproteobacteria while decreasing the relative abundances of multiple other classes
including Gammaproteobacteria and Sphingobacteriia; and sulfamethoxazole decreased
the relative abundance of Betaproteobacteria and increased Alphaproteobacteria. The
antibiotic trio had the most wide-ranging effects on the microbiota, increasing the relative abundance of some Sphingobacteriia but primarily decreasing relative abundances
across multiple classes.
The Daphnia magna microbiota was signiﬁcantly impacted by temperature. In the
no-antibiotic control, composition was signiﬁcantly different across temperatures
(pseudo-F1,6 = 5.142, R2 = 0.46, P = 0.03; Table S1A). In all antibiotic treatments except
aztreonam, there were signiﬁcant differences in microbiota composition between temperatures compared to the control (pairwise PERMANOVAs, erythromycin pseudo-F1,9 =
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FIG 2 Microbiota composition at the class level in Daphnia magna across antibiotic treatments and across temperature treatments (NONE =
no antibiotics; AZT = aztreonam; ERY = erythromycin; SFX = sulfamethoxazole; ALL = AZT, ERY, and SFX). Taxa are conglomerated at the
class rank to show differences in relative abundance of taxa among antibiotic treatments.

4.001, R2 = 0.31, P = 0.006; sulfamethoxazole pseudo-F1,9 = 2.605, R2 = 0.30, P = 0.045;
trio pseudo-F1,6 = 5.142, R2 = 0.46, P = 0.034; Table S1A). Multiple taxa were found to be
differentially abundant in each antibiotic treatment across both temperatures (Fig. S1,
Table S1B). The no-antibiotic control had a single ASV (Sphingobacteriia genus, 2213.68)
that was differentially abundant in cold temperatures. In aztreonam, 6 ASVs were
reduced in relative abundance in cold temperatures, with a Sphingobacteriia ASV
(unidentiﬁable beyond class) and an Alphaproteobacteria genus experiencing the
greatest reductions (2211.98 and 2211.4, respectively). In erythromycin, 12 ASVs were differentially abundant across temperatures; of those, the same Sphingobacteriia ASV as
in the aztreonam treatment was reduced (2227.54) in 11°C and a Pseudomonas ASV was
more abundant (26.34) in 11°C. Sulfamethoxazole impacted 13 ASVs, including
Limnohabitans (226.61) and the same Sphingobacteriia ASV (2225.84). The antibiotic trio
treatment had only one differentially abundant ASV (Nubsella, 27.89). Generally, differentially abundant classes were limited to the Alphaproteobacteria, Betaproteobacteria,
Flavobacteriia, and Sphingobacteriia. Sphingobacteriia exhibited the greatest changes in
abundance across antibiotic treatments, with a Sphingobacteriia genus experiencing
between 225 and 2227.5 reduced abundance in no antibiotics, aztreonam, erythromycin,
and sulfamethoxazole at low temperatures as compared to those treatments in the
control temperature.
Host ﬁtness was signiﬁcantly impacted by antibiotics. In particular, cumulative
host reproduction over the course of the experiment was reduced by antibiotics
(F4,470 = 49.59, P , 0.001). Post hoc Tukey tests revealed that this reduction was most
signiﬁcant in the aztreonam, sulfamethoxazole, and antibiotic trio treatments (all
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FIG 3 Differentially abundant ASVs (a , 0.05) in each antibiotic treatment compared to the no-antibiotic control in the 19°C treatment after 21 days of
treatment. Each bar represents a single ASV identiﬁed to the genus level, with genus name indicated on the left. Bar color indicates the bacterial class of
each ASV, and bar length indicates the fold change in abundance of each ASV.

P , 0.001) (Fig. 4a). A complete list of post hoc comparisons for cumulative reproduction can be found in Table S1C. Though cumulative host reproduction was reduced
in these treatments and many amplicon sequence variants experienced shifts in relative abundance across treatments, there was no single bacterial genus that shifted in
relative abundance predictably across treatments, suggesting that there is no genus
that is uniquely important to D. magna reproductive ﬁtness. Reproductive timing
was also impacted (F4,222 = 4.797, P , 0.001), where Daphnia magna treated with sulfamethoxazole experienced a later age at ﬁrst reproduction than those treated with
other antibiotics (Tukey HSD, P = 0.03; Fig. 4c and Table S1D). Daphnia magna
exposed to antibiotics experienced a signiﬁcant overall reduction in growth (ANOVA,
F4,419 = 2.08, P = 0.004; Table S1E); the main contributor to this was a signiﬁcant
reduction in growth in sulfamethoxazole compared to erythromycin (Tukey HSD,
P = 0.003; Table S1E). Exposure to any antibiotic had no impact on Daphnia survival
(Fig. 4b and Fig. S2). Host ﬁtness was also impacted by temperature. Cumulative
March/April 2021 Volume 6 Issue 2 e00916-20

msystems.asm.org

6

Downloaded from https://journals.asm.org/journal/msystems on 29 September 2021 by 129.93.161.224.

Cooper et al.

FIG 4 Summary of Daphnia magna ﬁtness. (a) Box plot of cumulative reproduction over the 21-day experiment in Daphnia magna across antibiotic treatments
(NONE = no antibiotics, AZT = aztreonam, ERY = erythromycin, SFX = sulfamethoxazole, ALL = all three antibiotics) in the 19°C temperature treatment. Points
show cumulative reproduction of each individual Daphnia over the 21-day experiment. Letters denote signiﬁcant differences among treatments. (b) Survival
curves of Daphnia magna in antibiotic treatments across temperature treatments. Line color and pattern denote antibiotic treatment. (c) Time to reproductive
maturity of Daphnia magna in the 19°C temperature treatment across antibiotic treatments. Jittered points denote individuals within each antibiotic treatment.
Letters denote signiﬁcant differences among treatments. (d) Daphnia magna growth in millimeters over the 21-day experiment across antibiotic and
temperature treatments for individuals who survived the entire time course. Box plots denote median and ﬁrst and third quartiles, and jittered points show
growth of each individual within a treatment.

reproduction was reduced almost completely in the cooler 11°C treatment; no reproduction was observed in the control and only one adult individual reproduced across
all of the antibiotic treatments (ANOVA, F1,470 = 1,751.08, P , 0.001), hence Fig. 4a and c
visualizing data from only the 19°C treatment. There was also an effect of the interaction
between antibiotics and temperature (ANOVA, F4,470 = 19.84, P , 0.001), though no
effects of antibiotics on reproduction were observed due to the strong effect of
March/April 2021 Volume 6 Issue 2 e00916-20
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DISCUSSION
In this study, we manipulated the microbiome of Daphnia magna using low doses
of targeted antibiotics to examine the impacts of selective suppression on host ﬁtness.
We found that aztreonam and sulfamethoxazole, antibiotics targeting abundant bacterial classes in the Daphnia magna microbiome, had the largest impacts on host ﬁtness,
primarily in affecting host fecundity. However, our results contrast with those of SisonMangus et al. (2015) (18) and Callens et al. (2016) (14) in that survival was not impacted
by antibiotics here. This is likely due to our use of different antibiotics meant to manipulate taxa differentially in the microbiome, rather than the broad-spectrum suite of
antibiotics used to completely suppress the microbiota in those studies. We found that
in all of the antibiotic treatments, relative abundance of bacteria was lower than in the
control treatment, though only signiﬁcantly in the antibiotic trio treatment perhaps
due to 16S rRNA copy number variation in both suppressed and nonsuppressed taxa
(e.g., nonsuppressed taxa having more copies, leading to no decrease in overall 16S
abundance). Interestingly, this suppression coincided with an expansion of diversity,
with both sulfamethoxazole and the antibiotic trio having signiﬁcantly higher alpha diversity. This suggests that antibiotic suppression of abundant taxa allows other taxa to
ﬂourish, as also indicated by the rare taxa with signiﬁcantly increased fold changes in
these treatments. Our differential abundance analysis shows that even though aztreonam had the fewest changed ASV abundances, host fecundity was still negatively
impacted, and across treatments nontarget classes were impacted in unexpected ways
potentially due to microbial interactions or off-target antibiotic effects. We also found
that shifts in microbiome composition were dependent on environmental conditions,
with Daphnia magna exposed to the same antibiotics at low temperatures not experiencing the same shifts in microbiome composition as in the control temperature, or
the same effects on host ﬁtness by the antibiotic treatments.
Our characterization of the Daphnia magna microbiome under standard conditions
(19°C, no antibiotics) yields a composition that is similar to that of healthy adult
Daphnia magna in other studies, though this genotype has been isolated in laboratory
culture for .3 years (15, 34, 36). This suggests that our Daphnia magna maintained in
culture has retained Daphnia-speciﬁc microbes present during initial ﬁeld collection, as
all culture medium is autoclaved prior to use and algae are grown axenically. We did
ﬁnd that the microbiota of untreated adult Daphnia magna in these cultures exhibited
a higher relative abundance of Sphingobacteriia than in other studies (approximately
48%, compared to 4% to 20%), but other abundant bacterial classes were similar,
including Alphaproteobacteria, Betaproteobacteria, and Gammaproteobacteria (15, 34).
In particular, we found that species in the Betaproteobacteria genus Limnohabitans are
highly abundant in the Daphnia microbiome, consistent with prior work (15, 36–39).
While Limnohabitans species have strong impacts on Daphnia ﬁtness through potential
amino acid provisioning (40, 41), they are surprisingly resilient to sublethal antibiotic
exposure, as they are not found to be differentially abundant in any of the antibiotic
treatments (Fig. 3). Other genera identiﬁed here and in other studies include
Pedobacter, Emticicia, and Acidovorax (15, 42), among others.
Host fecundity was impacted by treatment with aztreonam, sulfamethoxazole, and
the antibiotic trio, and host growth was reduced when treated with the trio as well.
Sulfamethoxazole (targeting Betaproteobacteria and Sphingobacteriia) also delayed age
at ﬁrst reproduction, supporting our hypothesis that suppression of more abundant
bacterial classes would have larger impacts on host ﬁtness. Though it is possible that
the antibiotics used here have direct effects on host ﬁtness (39), germfree Daphnia
magna treated with the same antibiotic trio had the same ﬁtness metrics as the
March/April 2021 Volume 6 Issue 2 e00916-20
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temperature. Daphnia growth was limited in the cold-temperature treatment (F1,419 =
176.01, P , 0.001) (Fig. 4d). Temperature impacted survival, with Daphnia in colder temperatures surviving signiﬁcantly more than those in control temperatures (hazard ratio =
21.087, P = 0.013) (Fig. 4b and Fig. S2).

Daphnia treated here (R. O. Cooper, unpublished data), suggesting that differences in
host ﬁtness are mediated through the microbiome. The reduction in host fecundity
without a consistent associated decrease in abundance of any particular microbial
taxon across treatments suggests that multiple taxa are involved in the functions that
beneﬁt host fecundity. It is also possible that the antibiotic treatments reduce host ﬁtness uniquely; for example, the Perlucidibaca ASV (ASV 65) is reduced in aztreonam
and in the antibiotic trio but not in sulfamethoxazole, while the Pedobacter ASV (ASV
12) is reduced in all treatments except aztreonam. Although many of the same taxa
were suppressed in erythromycin as in both aztreonam and sulfamethoxazole, many
more unique ASVs became more abundant. It is possible that the detrimental effects of
taxa reduced across all treatments were countered by increases in these ASVs, which
include an Ensifer (ASV 18), a Comamonadaceae (ASV 9), and a Sphingopyxis (ASV 7).
These ASVs also appear in the antibiotic trio treatment, but a Caulobacter ASV appears
as signiﬁcantly reduced (ASV 66), suggesting that treatment with all three antibiotics
simultaneously may counteract the neutral effects observed in the erythromycin-only
treatment. Though speciﬁc functions encoded by these taxa are unobservable through
16S rRNA sequencing, previous shotgun sequencing work has highlighted some functions in Daphnia-associated species. Speciﬁcally, metagenome sequencing indicates
that a Pedobacter species uniquely encodes chitin degradation and sialic acid cleavage and that other species (primarily Limnohabitans) may be able to utilize those
cleaved sialic acids for amino acid biosynthesis (40). This delay in reproductive maturity and associated reduction in Pedobacter in the sulfamethoxazole treatment (and
potential counteraction by the increase in Comamonadaceae in erythromycin) may
indicate that microbe-microbe interactions are affected by targeted antibiotic treatment. Simultaneously, a substantial increase in a Chitinophagaceae ASV (ASV 24) is
seen in all treatments except aztreonam; Chitinophagaceae (like Pedobacter) are
known chitin degraders and may have detrimental effects on host ﬁtness by utilizing
the key material in their host’s carapace. Again, the other ASV changes in erythromycin may counter the potential negative impacts of this taxon on the host, but causality is not understood at this time.
Interestingly, Gammaproteobacteria are found in high relative abundances in the
Daphnia magna gut and could play a role in nutrient acquisition or pathogen protection (14, 15), yet it does not appear that their suppression was a primary driver of
changes in host ﬁtness. We hypothesize that this may be due to functional redundancy
of taxa found in the Daphnia gut, as the indiscriminate ﬁlter feeding by Daphnia
magna exposes gut microbes to a wide array of nutrients (14, 43). Indeed, the abundances and identities of taxa in the Daphnia gut vary substantially across studies (16,
18, 27, 39); this variation may allow different taxa not targeted by erythromycin to
retain the necessary functions for nutrient acquisition.
Temperature dramatically shifted the microbiome and the ﬁtness of Daphnia
magna. These changes have been documented across host genotypes and warmer
temperatures (12, 27), but to our knowledge, this is the ﬁrst work to examine the
effects of this cold of a temperature (11°C) on the microbiota of this keystone species.
Daphnia magna raised in cold temperatures survived more, grew less, and had almost
no offspring, a well-studied physiological mechanism for actively surviving winter in
aquatic ecosystems (44). Correspondingly, the microbiome shifts during this time. In
11°C, Betaproteobacteria became even more abundant, comprising .80% of relative
abundance. Sphingobacteriia, Flavobacteriia, and Gammaproteobacteria were reduced
to ,5% relative abundance each. This may be due to cold-induced changes to host
metabolic processes like fat storage and processing, which have been shown to shape
microbiota composition (45). Daphnia magna reduces stearic acid formation at low
temperatures but increases monounsaturated fatty acid formation (46), which could
select for taxa able to utilize these types of fatty acids. Alternatively, Betaproteobacteria
may be so important for host fecundity (17) that they must remain in high abundance
to ensure they remain for the postwinter reproductive cycle. Though microbiota
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composition shifted in cold temperatures, it is unlikely that host ﬁtness is mediated by
microbiota change. Even with a greater relative abundance of reproductive ﬁtness-promoting Betaproteobacteria, Daphnia magna in cold temperatures had signiﬁcantly
reduced reproductive ﬁtness, suggesting that temperature directly impacts ﬁtness.
Antibiotics did not affect microbiome composition in cold temperatures as they did
under standard conditions. Treatment with aztreonam at 11°C resulted in a microbiome composition nearly identical to that of Daphnia magna not treated with antibiotics in 11°C. Though erythromycin does not target Betaproteobacteria, this class was
reduced in the cold-temperature–erythromycin treatment, suggesting that taxa in the
Daphnia microbiota may be differentially susceptible to antibiotics depending on environmental factors and based on host physiological responses to the environment.
Horizontal gene transfer could play a role in this differential response, as species in the
Daphnia magna microbiome do encode antibiotic resistance and efﬂux (40) and this
experiment was conducted over a time period long enough to allow antibiotic resistance to establish within species (47). Furthermore, cold temperatures have been
shown to increase the abundance of antibiotic resistance genes (48).
Our results suggest that more-abundant classes in the microbiome (in this case,
Sphingobacteriia and Betaproteobacteria) have larger impacts on host ﬁtness than rarer
taxa, though previously known important taxa like Limnohabitans are seemingly unperturbed by antibiotics. Within-host microbial communities generally have a skewed
abundance pattern, where a few species constitute the majority of total abundance
but many species are found in low abundances. Some work indicates that abundant
taxa contribute to host ﬁtness (49), while other studies indicate that rare, keystone taxa
have disproportionate impacts on host ﬁtness (50). However, a general relationship
between abundance in the microbiota and beneﬁt to host ﬁtness is hard to untangle
in complex systems, and much research in model systems focuses on hosts with single
microbial taxa that have signiﬁcant impacts on host ﬁtness (51). Utilizing animal models like Daphnia magna with more than one taxon contributing to host ﬁtness but a relatively simple overall microbial community allows for a greater understanding of the
interplay between the microbiota and host. In Daphnia magna, more-abundant taxa
(e.g., Limnohabitans) confer greater beneﬁts to host ﬁtness, primarily through functions
that contribute to increases in host fecundity and growth, whereas the loss of rare species had little effect on ﬁtness. At the same time, abiotic conditions can have a much
larger effect on host ﬁtness than the microbiome, as demonstrated by the changes in
Daphnia ﬁtness with temperature not directly mirrored by changes in the microbiota.
Our results show that multiple members of the Daphnia magna microbiota impact
host ﬁtness in different ways and that these impacts must be understood in the
broader context of external factors known to directly affect host ﬁtness. Experiments
to disentangle the fecundity-reducing effects of different microbes and the underlying
mechanisms in this system are necessary. Continued efforts to isolate members of the
Daphnia magna microbiota paired with single-species and community reinfection
experiments, metatranscriptome sequencing to identify important microbial transcripts, and metabolic analysis of the microbial cohorts are all potential methods to
identify causal factors in these host-microbe and microbe-microbe relationships.
MATERIALS AND METHODS
Daphnia. This experiment was conducted using Daphnia magna clone 8A, taken from Kaimes Farm,
Leitholm, Scottish Borders, United Kingdom (52). Stock cultures of D. magna clone 8A were maintained
in 19°C controlled chambers with a 16-h-light, 8-h-dark light cycle in 400-ml jars with phosphorus- and
nitrogen-depleted COMBO medium (53) for multiple generations. Cultures were fed a standardized
0.25 mg C/ml/day using green alga Chlamydomonas reinhardtii (CPCC 243). C. reinhardtii was cultured in
COMBO medium. The volume necessary to provide D. magna with adequate carbon was calculated
using the BioTek Epoch microplate spectrophotometer.
Experimental design. Prior to the experiment, 72 D. magna animals were moved to 35-ml glass vials
with COMBO medium and allowed to mature under controlled conditions. Neonates from the third
brood of each adult were pooled within 24 h of birth and randomly assigned to experimental treatments
(n = 48 per experimental treatment). The experimental treatments consisted of ﬁve antibiotic treatments
crossed with two temperature treatments, 19°C and 11°C. Antibiotic treatments were as follows: a
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control treatment with no antibiotics, 500 m g/liter aztreonam, 400 m g/liter erythromycin, 250 m g/liter sulfamethoxazole, and an antibiotic trio consisting of all three antibiotics together at the concentrations
listed above. These antibiotic concentrations were chosen on the basis of a pilot experiment showing no
short-term toxicity effects on D. magna survival but a signiﬁcant reduction in bacterial abundance
(revealed using qPCR with universal bacterial 16S primers). Body size of each D. magna was measured
from eyespot to beginning of apical spine before placement into the experimental vials. Experimental D.
magna animals were raised in 35-ml glass vials with COMBO for 21 days. Each vial was checked for survival and fed daily with 0.25 mg C/ml/day of the diet treatment. COMBO with the appropriate antibiotic
treatment and dose was replenished every 2 days. Vials were also checked daily for offspring, which
were counted and removed if present. At the conclusion of day 21 or upon death, D. magna animals
were collected from the treatments. Body size was again measured from eyespot to beginning of apical
spine to determine growth. D. magna animals from each treatment were pooled in sets of 10 in 1.5-ml
microcentrifuge tubes for DNA extraction and processing (n = 4 per treatment).
DNA extraction, library preparation, and sequencing. DNA was extracted from all pooled samples
using the Qiagen DNeasy Blood and Tissue Kit using the manufacturer’s spin-column protocol of total
DNA from animal tissues (Qiagen, Hilden, Germany). Whole D. magna animals were digested with proteinase K for 24 h to ensure that cells within the carapace were lysed but the carapace was not (54).
Following extraction, PCR ampliﬁcation of the V4 region of the 16S rRNA gene was performed using the
515f (59-GTGCCAGCMGCCGCGGTAA-39) and 806r (59-GGACTACHVGGGTWTCTAAT-39) universal 16S
primer pair (55). Ampliﬁcation consisted of denaturation at 95°C for 3 min, followed by 35 cycles of 95°C
for 45 s, 58°C for 30 s, and 72°C for 45 s, and ﬁnished with an extension step of 72°C for 5 min.
Simultaneously, a subset of samples from each of the antibiotic treatments was prepared for qPCR using
the FastStart SYBR green master mix to verify that antibiotic treatments were reducing overall bacterial
abundance. Each sample was run in triplicate to ensure ampliﬁcation was achieved in each sample. All
samples were checked for successful ampliﬁcation using a 1% agarose electrophoresis gel. Samples
were then normalized with the SequalPrep normalization plate kit. Prior to sample pooling, sample quality was checked using the Agilent high-sensitivity DNA kit on the Agilent TapeStation and via qPCR with
the KAPA library quantiﬁcation kit. Samples were then pooled and spiked with PhiX DNA. The pooled
libraries were then sequenced using the Illumina MiSeq reagent kit v2 (300 cycles) on an Illumina MiSeq.
Sequencing was carried out at the Nebraska Food for Health Center (Lincoln, NE, USA).
Sequencing data processing. Following sequencing, reads were demultiplexed using Illumina’s
built-in MiSeq Reporter software. All reads were then analyzed using DADA2 (56) in R. In DADA2, our
pipeline consisted of low-quality (,Q30) read trimming, estimation of read error, dereplication of reads
within samples, and chimera removal. Remaining reads were considered amplicon sequence variants
(ASVs) and then were assigned taxonomy to the genus level using the RefSeq-RDP database (57). All visualization of ASVs was performed with Phyloseq (58) in R, where reads without a taxonomic assignment
at the phylum level and those assigned to “Chloroplast” were removed for visual clarity. All scripts for
read processing and visualization are available on GitHub.
Statistical analysis. All statistical tests were performed in R. Host D. magna life history traits measured as indicators of ﬁtness outcomes included growth, survival, and reproduction. Growth was quantiﬁed as the difference between size measurements at the beginning and end of the experiment.
Differences in growth among treatments, including the interactions between antibiotics and temperature, were analyzed using an ANOVA. We also used ANOVAs to test for effects of antibiotics and temperature on reproduction, which was measured as number of juveniles per brood and day of ﬁrst reproductive event (production of the ﬁrst brood for each individual). Tukey’s HSD post hoc tests were conducted
to determine which treatments signiﬁcantly differed from the control treatment. Survival rates among
treatments were analyzed using the Cox proportional hazards model. Individuals alive at experiment
conclusion were coded as censored. We used the threshold cycle (DDCT) method to calculate log fold
change in abundance of the 16S rRNA gene among antibiotic treatments, normalizing against the
Daphnia magna actin gene (forward primer, 59-CCACACTGTCCCCATTTATGAA-39; reverse primer, 59CGCGACCAGCCAAATCC-39) and against the control treatment. A PERMANOVA was conducted among
treatments on the calculated unweighted UniFrac distances to test the effects of antibiotics and temperature on microbiota composition, and then pairwise comparisons of antibiotic treatments in each temperature were conducted to ﬁnd treatments with signiﬁcantly different overall community composition.
DESeq2 was used to ﬁnd differentially abundant taxa among treatments.
Data availability. Raw read data are available in the Sequence Read Archive in BioProject
PRJNA543842 (https://www.ncbi.nlm.nih.gov/bioproject/PRJNA543842) under accession numbers
SRX5866173 to SRX5866265. All code, life history data, and a .rds containing the DADA2-processed
read data used in this study are available at https://github.com/reillyowencooper/ab-targeting
-daphnia.

SUPPLEMENTAL MATERIAL
Supplemental material is available online only.
FIG S1, TIF ﬁle, 2 MB.
FIG S2, TIF ﬁle, 1.2 MB.
TABLE S1, XLSX ﬁle, 0.03 MB.
March/April 2021 Volume 6 Issue 2 e00916-20

msystems.asm.org

11

Downloaded from https://journals.asm.org/journal/msystems on 29 September 2021 by 129.93.161.224.

Targeted Microbiota Manipulation Impacts Fitness

Cooper et al.

ACKNOWLEDGMENTS
This research was supported by a Faculty Seed Grant from the Ofﬁce of Research
and Economic Development at the University of Nebraska-Lincoln.
Andrew K. Benson, Mallory Van Haute, and Qinnan Yang were instrumental for
sequencing library preparation and machine use. We thank Kaitlyn Stava for her
assistance with animal husbandry during this experiment.
R.O.C. and C.E.C. designed the study. R.O.C. and J.M.V. performed the experiments. R.
O.C. and C.E.C. wrote the manuscript, and all authors approved the manuscript in its
ﬁnal form.
The authors have no competing interests to declare.

1. Hacquard S, Garrido-Oter R, González A, Spaepen S, Ackermann G, Lebeis
S, McHardy AC, Dangl JL, Knight R, Ley R, Schulze-Lefert P. 2015. Microbiota and host nutrition across plant and animal kingdoms. Cell Host
Microbe 17:603–616. https://doi.org/10.1016/j.chom.2015.04.009.
2. Sansone CL, Cohen J, Yasunaga A, Xu J, Osborn G, Subramanian H, Gold B,
Buchon N, Cherry S. 2015. Microbiota-dependent priming of antiviral intestinal immunity in Drosophila. Cell Host Microbe 18:571–581. https://
doi.org/10.1016/j.chom.2015.10.010.
3. Fukuyama J, Rumker L, Sankaran K, Jeganathan P, Dethlefsen L, Relman
DA, Holmes SP. 2017. Multidomain analyses of a longitudinal human
microbiome intestinal cleanout perturbation experiment. PLoS Comput
Biol 13:e1005706. https://doi.org/10.1371/journal.pcbi.1005706.
4. McCall L-I, Tripathi A, Vargas F, Knight R, Dorrestein PC, Siqueira-Neto JL.
2018. Experimental Chagas disease-induced perturbations of the fecal
microbiome and metabolome. PLoS Negl Trop Dis 12:e0006344. https://
doi.org/10.1371/journal.pntd.0006344.
5. Heintz-Buschart A, May P, Laczny CC, Lebrun LA, Bellora C, Krishna A,
Wampach L, Schneider JG, Hogan A, Beaufort CD, Wilmes P. 2016. Integrated multi-omics of the human gut microbiome in a case study of familial type 1 diabetes. Nat Microbiol 2:16180. https://doi.org/10.1038/
nmicrobiol.2016.180.
6. Mahana D, Trent CM, Kurtz ZD, Bokulich NA, Battaglia T, Chung J, Müller
CL, Li H, Bonneau RA, Blaser MJ. 2016. Antibiotic perturbation of the murine gut microbiome enhances the adiposity, insulin resistance, and liver
disease associated with high-fat diet. Genome Med 8:48. https://doi.org/
10.1186/s13073-016-0297-9.
7. Zeeuwen PL, Boekhorst J, van den Bogaard EH, de Koning HD, van de
Kerkhof PM, Saulnier DM, van Swam II, van Hijum SA, Kleerebezem M,
Schalkwijk J, Timmerman HM. 2012. Microbiome dynamics of human epidermis following skin barrier disruption. Genome Biol 13:R101. https://doi
.org/10.1186/gb-2012-13-11-r101.
8. Gaulke CA, Barton CL, Profﬁtt S, Tanguay RL, Sharpton TJ. 2016. Triclosan
exposure is associated with rapid restructuring of the microbiome in
adult zebraﬁsh. PLoS One 11:e0154632. https://doi.org/10.1371/journal
.pone.0154632.
9. Altshuler I, Demiri B, Xu S, Constantin A, Yan ND, Cristescu ME. 2011. An
integrated multi-disciplinary approach for studying multiple stressors in
freshwater ecosystems: Daphnia as a model organism. Integr Comp Biol
51:623–633. https://doi.org/10.1093/icb/icr103.
10. Miner BE, De Meester L, Pfrender ME, Lampert W, Hairston NG. 2012. Linking genes to communities and ecosystems: Daphnia as an ecogenomic
model. Proc Biol Sci 279:1873–1882. https://doi.org/10.1098/rspb.2011
.2404.
11. Decaestecker E, Gaba S, Raeymaekers JAM, Stoks R, Van Kerckhoven L, Ebert
D, De Meester L. 2007. Host–parasite ‘Red Queen’ dynamics archived in
pond sediment. Nature 450:870–873. https://doi.org/10.1038/nature06291.
12. Frankel-Bricker J, Song MJ, Benner MJ, Schaack S. 2020. Variation in the
microbiota associated with Daphnia magna across genotypes, populations, and temperature. Microb Ecol 79:731–742. https://doi.org/10.1007/
s00248-019-01412-9.
13. Callens M, Watanabe H, Kato Y, Miura J, Decaestecker E. 2018. Microbiota
inoculum composition affects holobiont assembly and host growth in
Daphnia. Microbiome 6:56. https://doi.org/10.1186/s40168-018-0444-1.
14. Callens M, Macke E, Muylaert K, Bossier P, Lievens B, Waud M, Decaestecker
E. 2016. Food availability affects the strength of mutualistic host–microbiota
March/April 2021 Volume 6 Issue 2 e00916-20

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

interactions in Daphnia magna. ISME J 10:911–920. https://doi.org/10.1038/
ismej.2015.166.
Freese HM, Schink B. 2011. Composition and stability of the microbial community inside the digestive tract of the aquatic crustacean Daphnia magna.
Microb Ecol 62:882–894. https://doi.org/10.1007/s00248-011-9886-8.
Macke E, Callens M, De Meester L, Decaestecker E. 2017. Host-genotype dependent gut microbiota drives zooplankton tolerance to toxic cyanobacteria. Nat Commun 8:1608. https://doi.org/10.1038/s41467-017-01714-x.
Peerakietkhajorn S, Kato Y, Kasalický V, Matsuura T, Watanabe H. 2016.
Betaproteobacteria Limnohabitans strains increase fecundity in the crustacean Daphnia magna: symbiotic relationship between major bacterioplankton and zooplankton in freshwater ecosystem. Environ Microbiol
18:2366–2374. https://doi.org/10.1111/1462-2920.12919.
Sison-Mangus MP, Mushegian AA, Ebert D. 2015. Water ﬂeas require
microbiota for survival, growth and reproduction. ISME J 9:59–67. https://
doi.org/10.1038/ismej.2014.116.
Gould AL, Zhang V, Lamberti L, Jones EW, Obadia B, Korasidis N, Gavryushkin
A, Carlson JM, Beerenwinkel N, Ludington WB. 2018. Microbiome interactions shape host ﬁtness. Proc Natl Acad Sci U S A 115:E11951–E11960.
https://doi.org/10.1073/pnas.1809349115.
Fischer CN, Trautman EP, Crawford JM, Stabb EV, Handelsman J, Broderick
NA. 2017. Metabolite exchange between microbiome members produces
compounds that inﬂuence Drosophila behavior. Elife 6:e18855. https://doi
.org/10.7554/eLife.18855.
Kamada N, Chen GY, Inohara N, Núñez G. 2013. Control of pathogens and
pathobionts by the gut microbiota. Nat Immunol 14:685–690. https://doi
.org/10.1038/ni.2608.
Frost I, Smith WPJ, Mitri S, Millan AS, Davit Y, Osborne JM, Pitt-Francis JM,
MacLean RC, Foster KR. 2018. Cooperation, competition and antibiotic resistance in bacterial colonies. ISME J 12:1582–1593. https://doi.org/10
.1038/s41396-018-0090-4.
Lokmer A, Mathias Wegner K. 2015. Hemolymph microbiome of Paciﬁc
oysters in response to temperature, temperature stress and infection.
ISME J 9:670–682. https://doi.org/10.1038/ismej.2014.160.
Lauber CL, Hamady M, Knight R, Fierer N. 2009. Pyrosequencing-based
assessment of soil pH as a predictor of soil bacterial community structure
at the continental scale. Appl Environ Microbiol 75:5111–5120. https://doi
.org/10.1128/AEM.00335-09.
David LA, Maurice CF, Carmody RN, Gootenberg DB, Button JE, Wolfe BE,
Ling AV, Devlin AS, Varma Y, Fischbach MA, Biddinger SB, Dutton RJ,
Turnbaugh PJ. 2014. Diet rapidly and reproducibly alters the human gut
microbiome. Nature 505:559–563. https://doi.org/10.1038/nature12820.
Yampolsky LY, Schaer TMM, Ebert D. 2014. Adaptive phenotypic plasticity
and local adaptation for temperature tolerance in freshwater zooplankton. Proc Biol Sci 281:20132744. https://doi.org/10.1098/rspb.2013.2744.
Sullam KE, Pichon S, Schaer TMM, Ebert D. 2018. The combined effect
of temperature and host clonal line on the microbiota of a planktonic
crustacean. Microb Ecol 76:506–517. https://doi.org/10.1007/s00248
-017-1126-4.
Carvalho GR. 1987. The clonal ecology of Daphnia magna (Crustacea: Cladocera): II. Thermal differentiation among seasonal clones. J Anim Ecol
56:469–478. https://doi.org/10.2307/5061.
Soares GMS, Figueiredo LC, Faveri M, Cortelli SC, Duarte PM, Feres M.
2012. Mechanisms of action of systemic antibiotics used in periodontal
treatment and mechanisms of bacterial resistance to these drugs. J Appl
Oral Sci 20:295–304. https://doi.org/10.1590/s1678-77572012000300002.
msystems.asm.org

12

Downloaded from https://journals.asm.org/journal/msystems on 29 September 2021 by 129.93.161.224.

REFERENCES

30. Sykes RB, Bonner DP. 1985. Aztreonam: the ﬁrst monobactam. Am J Med
78:2–10. https://doi.org/10.1016/0002-9343(85)90196-2.
31. Brain RA, Ramirez AJ, Fulton BA, Chambliss CK, Brooks BW. 2008. Herbicidal effects of sulfamethoxazole in Lemna gibba: using p-aminobenzoic
acid as a biomarker of effect. Environ Sci Technol 42:8965–8970. https://
doi.org/10.1021/es801611a.
32. Washington JA, Wilson WR. 1985. Erythromycin: a microbial and clinical
perspective after 30 years of clinical use (ﬁrst of two parts). Mayo Clin
Proc 60:189–203. https://doi.org/10.1016/S0025-6196(12)60219-5.
33. Eckert EM, Di Cesare A, Stenzel B, Fontaneto D, Corno G. 2016. Daphnia as
a refuge for an antibiotic resistance gene in an experimental freshwater
community. Sci Total Environ 571:77–81. https://doi.org/10.1016/j.scitotenv
.2016.07.141.
34. Garrity GM, Bell JA, Lilburn T. 2005. Class II. Betaproteobacteria class. nov.,
p 26. In Brenner DJ, Krieg NR, Staley JT, Garrity GM (ed), Bergey’s manual
of systematic bacteriology, 2nd ed, vol 2. Springer, New York, NY.
35. The Editorial Board. 2015. Sphingobacterium, p 1–13. In Trujillo ME,
Dedysh S, DeVos P, Hedlund B, Kampfer P, Rainey FA, Whitman WB (ed),
Bergey’s manual of systematics of archaea and bacteria. John Wiley &
Sons, Inc, Hoboken, NJ.
36. Peerakietkhajorn S, Tsukada K, Kato Y, Matsuura T, Watanabe H. 2015.
Symbiotic bacteria contribute to increasing the population size of a freshwater crustacean, Daphnia magna. Environ Microbiol Rep 7:364–372.
https://doi.org/10.1111/1758-2229.12260.
37. Eckert EM, Pernthaler J. 2014. Bacterial epibionts of Daphnia: a potential
route for the transfer of dissolved organic carbon in freshwater food
webs. ISME J 8:1808–1819. https://doi.org/10.1038/ismej.2014.39.
38. Qi W, Nong G, Preston JF, Ben-Ami F, Ebert D. 2009. Comparative metagenomics of Daphnia symbionts. BMC Genomics 10:172. https://doi.org/10
.1186/1471-2164-10-172.
39. Motiei A, Brindefalk B, Ogonowski M, El-Shehawy R, Pastuszek P, Ek K,
Liewenborg B, Udekwu K, Gorokhova E. 2020. Disparate effects of antibiotic-induced microbiome change and enhanced ﬁtness in Daphnia
magna. PLoS One 15:e0214833. https://doi.org/10.1371/journal.pone
.0214833.
40. Cooper RO, Cressler CE. 2020. Characterization of key bacterial species in
the Daphnia magna microbiota using shotgun metagenomics. Sci Rep
10:652. https://doi.org/10.1038/s41598-019-57367-x.
41. Fink P, Pﬂitsch C, Marin K. 2011. Dietary essential amino acids affect the
reproduction of the keystone herbivore Daphnia pulex. PLoS One 6:
e28498. https://doi.org/10.1371/journal.pone.0028498.
42. Poehlein A, Daniel R, Simeonova DD. 2015. Genome sequence of Pedobacter glucosidilyticus DD6b, isolated from zooplankton Daphnia magna.
Stand Genomic Sci 10:100. https://doi.org/10.1186/s40793-015-0086-x.
43. Gorokhova E, Rivetti C, Furuhagen S, Edlund A, Ek K, Breitholtz M. 2015.
Bacteria-mediated effects of antibiotics on Daphnia nutrition. Environ Sci
Technol 49:5779–5787. https://doi.org/10.1021/acs.est.5b00833.
44. de Senerpont Domis LN, Mooij WM, Hülsmann S, van Nes EH, Scheffer M.
2007. Can overwintering versus diapausing strategy in Daphnia determine match–mismatch events in zooplankton–algae interactions? Oecologia 150:682–698. https://doi.org/10.1007/s00442-006-0549-2.
45. Worthmann A, John C, Rühlemann MC, Baguhl M, Heinsen F-A, Schaltenberg
N, Heine M, Schlein C, Evangelakos I, Mineo C, Fischer M, Dandri M, Kremoser

March/April 2021 Volume 6 Issue 2 e00916-20

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.
58.

C, Scheja L, Franke A, Shaul PW, Heeren J. 2017. Cold-induced conversion of
cholesterol to bile acids in mice shapes the gut microbiome and promotes
adaptive thermogenesis. Nat Med 23:839–849. https://doi.org/10.1038/nm
.4357.
Farkas T, Kariko K, Csengeri I. 1981. Incorporation of [1-14C] acetate
into fatty acids of the crustaceans Daphnia magna and Cyclops strenus
in relation to temperature. Lipids 16:418–422. https://doi.org/10.1007/
BF02535008.
Baym M, Lieberman TD, Kelsic ED, Chait R, Gross R, Yelin I, Kishony R.
2016. Spatiotemporal microbial evolution on antibiotic landscapes. Science 353:1147–1151. https://doi.org/10.1126/science.aag0822.
Miller JH, Novak JT, Knocke WR, Pruden A. 2014. Elevation of antibiotic resistance genes at cold temperatures: implications for winter storage of
sludge and biosolids. Lett Appl Microbiol 59:587–593. https://doi.org/10
.1111/lam.12325.
Arumugam M, Raes J, Pelletier E, Le Paslier D, Yamada T, Mende DR,
Fernandes GR, Tap J, Bruls T, Batto J-M, Bertalan M, Borruel N, Casellas F,
Fernandez L, Gautier L, Hansen T, Hattori M, Hayashi T, Kleerebezem M,
Kurokawa K, Leclerc M, Levenez F, Manichanh C, Nielsen HB, Nielsen T,
Pons N, Poulain J, Qin J, Sicheritz-Ponten T, Tims S, Torrents D, Ugarte E,
Zoetendal EG, Wang J, Guarner F, Pedersen O, de Vos WM, Brunak S,
Doré J, MetaHIT Consortium, Antolín M, Artiguenave F, Blottiere HM,
Almeida M, Brechot C, Cara C, Chervaux C, Cultrone A, Delorme C,
Denariaz G, Dervyn R, et al. 2011. Enterotypes of the human gut microbiome. Nature 473:174–180., https://doi.org/10.1038/nature09944.
Banerjee S, Schlaeppi K, van der Heijden MGA. 2018. Keystone taxa as
drivers of microbiome structure and functioning. Nat Rev Microbiol
16:567–576. https://doi.org/10.1038/s41579-018-0024-1.
Hansen AK, Moran NA. 2011. Aphid genome expression reveals hostsymbiont cooperation in the production of amino acids. Proc Natl
Acad Sci U S A 108:2849–2854. https://doi.org/10.1073/pnas.1013465108.
Auld SKJR, Wilson PJ, Little TJ. 2014. Rapid change in parasite infection
traits over the course of an epidemic in a wild host-parasite population.
Oikos 123:232–238. https://doi.org/10.1111/j.1600-0706.2013.00720.x.
Kilham SS, Kreeger DA, Lynn SG, Goulden CE, Herrera L. 1998. COMBO: a
deﬁned freshwater culture medium for algae and zooplankton. Hydrobiologia 377:147–159. https://doi.org/10.1023/A:1003231628456.
Athanasio CG, Chipman JK, Viant MR, Mirbahai L. 2016. Optimisation of
DNA extraction from the crustacean Daphnia. PeerJ 4:e2004. https://doi
.org/10.7717/peerj.2004.
Caporaso JG, Lauber CL, Walters WA, Berg-Lyons D, Lozupone CA, Turnbaugh
PJ, Fierer N, Knight R, Gordon JI. 2011. Global patterns of 16S rRNA diversity
at a depth of millions of sequences per sample. Proc Natl Acad Sci U S A
108:4516–4522. https://doi.org/10.1073/pnas.1000080107.
Callahan BJ, McMurdie PJ, Rosen MJ, Han AW, Johnson AJA, Holmes SP.
2016. DADA2: high-resolution sample inference from Illumina amplicon
data. Nat Methods 13:581–583. https://doi.org/10.1038/nmeth.3869.
Ali A. 2019. DADA2 formatted 16S rRNA gene sequences for both bacteria
& archaea. Zenodo. https://doi.org/10.5281/zenodo.3188334.
McMurdie PJ, Holmes S. 2013. phyloseq: an R package for reproducible
interactive analysis and graphics of microbiome census data. PLoS One 8:
e61217. https://doi.org/10.1371/journal.pone.0061217.

msystems.asm.org

13

Downloaded from https://journals.asm.org/journal/msystems on 29 September 2021 by 129.93.161.224.

Targeted Microbiota Manipulation Impacts Fitness

